NOVEL LIPOSOMAL GENE DELIVERY REAGENTS: DESIGN, SYNTHESIS, IN VITRO AND IN VIVO TRANSFECTION PROPERTIES by SINGH, RAJKUMAR SUNIL
SYNOPSIS


Gene therapy can be defined as the use of genes as medicines to treat disease (inherited or acquired), or more precisely as the delivery of nucleic acids by means of a vector to patients for some therapeutic purpose. In other words, if a patient is suffering from a known genetic defect, then the delivery of a correct version of the malfunctioning gene (through the use of specially designed carriers) to the diseased site or organ would be expected to correct the genetic defect and hence cure the disease. The goal of gene therapy is to cure a disease at its root- the abnormal or malfunctioning gene. In short, gene therapy as a concept is fundamentally sound and attractive.

The success of gene therapy as a therapeutic modality to combat diseases (inherited or acquired) is largely dependent on the development of safe and efficient gene delivery carriers. Viruses like retrovirus, adenovirus, adeno-associated viruses etc. have been extensively and successfully used as carriers of genes under in vitro and in vivo conditions. Though viral vectors are highly efficient in transfecting cells, they have some major disadvantages like toxic inflammatory responses, possibility of random integration into host chromosome, systemic clearance of viral vectors due to complement activation, possibility of generating replication-competent virus through recombination with host genome, limited insert-size of the virally packaged therapeutic genes etc. All these alarming biosafety concerns associated with the use of viral vectors are increasingly making the non-viral gene delivery reagents as the alternate vectors of choice. Non-viral vectors like cationic polymers, cationic amphiphiles and physical methods like electroporation, gene gun etc. are being used as viable alternatives to their viral counterparts.


Among the existing arsenal of non-viral gene delivery vehicles, cationic liposomes (used generally in combination with neutral molecules like DOPE or cholesterol), because of their robust manufacture, ease in handling & preparation techniques, ability to inject large lipid-DNA complexes, low immunogenic response etc. are finding widespread application in non-viral gene therapy. Multilamellar cationic liposomes, also known as multilamellar vesicles (MLV) are formed when amphiphillic molecules containing two hydrophobic aliphatic chains and cationic head-groups are dissolved in water above a certain critical vesicular concentration (CVC). The spontaneously formed multilamellar vesicular structures (MLV) on sonication or extrusion through various pore size membranes, assume the size of small unilamellar vesicle (SUV, 20-100 nm) or large unilamellar vesicle (LUV, 150-250 nm) respectively (Figure 1). 













The transfer of DNA (containing the gene of interest) into a cell with the subsequent expression of the gene to its desired protein is called transfection (Figure 2). In liposomal gene delivery, cationic liposomes are mixed with DNA and the resultant lipid-DNA complexes (popularly known as lipoplexes) are simply incubated with the cells (in vitro) or injected in animals (in vivo). If the DNA (containing the gene of interest) is taken up by cells and eventually reaches the nucleus, the gene coding the protein of interest is expressed through transcription and translation. Quantitative assay of the expressed protein indicates the success and efficiency of the procedure. 


The transfection efficiency of any given liposomal formulation is highly dependent on the cell line, type of cationic lipid and the ratio of lipid:DNA. Interestingly majority of the efficient contemporary cationic amphiphiles such as, DOTMA, DOTAP, DMDHP, DMRIE, DORIE etc. (Figure 3) possess a common structural element in their molecular architecture, namely a glycerol backbone linking the cationic head-group and the hydrophobic tail region. Detailed structure-activity investigations in cationic lipid mediated gene delivery using such glycerol based cationic transfection lipids with varying chain lengths hydrophobic tails, ether linker regions, unsaturated hydrophobic tails with membrane reorganizing capabilities etc. have been reported. However, corresponding detail structure-activity study using non-glycerol based cationic transfection lipids have not yet been undertaken. Recently, our laboratory, in collaboration with the Centre for Cellular and Molecular Biology, Hyderabad, reported four remarkably efficient non-glycerol based, non-toxic simple monocationic transfection lipids containing their hydrophobic n-alkyl or n-alkenyl tails covalently linked to the cationic head-groups either directly or via an ester group.  The most efficient one in this novel non-glycerol based cationic transfection lipid bears two 2-hydroxyethyl groups linked directly to two n-hexadecyl hydrophobic tails through a quaternized nitrogen atom (DHDEAB, Figure 4). With a view to probe the transfection efficacy modulation by an additional ether linkage between the cationic head-group (bearing two 2-hydroxyethyl groups) and the hydrophobic anchor in this novel non-glycerol based transfection lipid,  cationic amphiphiles 1-6 (Figure 4) containing hydrophobic anchors with varying chain-lengths linked to the quaternized nitrogen atom via ether linkage were synthesized. Synthesis and in vitro gene delivery efficacies (in COS-1 and CHO cells) of these novel cationic lipids are described in Chapter 1. While the C10 and C14-analogs (lipids 2 & 4, Figure 4) showed maximum efficiency in transfecting COS-1 and CHO cells, the corresponding C12-analog (lipid 3, Figure 4) exhibited a seemingly anomalous behavior compared to its transfection efficient C10- and C14-analogs in being completely inefficient to transfect both COS-1 and CHO cells. Lipid 4 was around 2-4 fold more transfection efficient than DMRIE, Lipofectin and Lipofectamine, some of the most extensively used commercially available transfection lipids. 


Despite the remarkable efficacies of cationic lipids in transfecting cells in culture (in vitro), only a limited number of reports have appeared in the literature concerning the transfection activity of these lipid formulations in vivo through systemic administration. Systemic delivery of cationic liposome-DNA complexes into animals is well tolerated, can transfer a wide variety of tissues and cell types, can transfect immunocompetent animals with equal efficiency upon repeated injection and can deliver large pieces of DNA (> 250 kb) into cells. Gene expression occurs in all major organs including heart, lung, liver, spleen and kidney on systemic administration. Among the different body organs, lung has been the most intensely studied site for pharmaceutical intervention.  Cystic fibrosis (CF), for example, is a monogenic inherited disorder caused by any of over 1000 mutations in a 230 kb gene on chromosome 7 encoding a 1480 aminoacid polypeptide  named  cystic  fibrosis  transmembrane conductance regulator  (CFTR)  that 

functions as a chloride ion channel in lung epithelial cell membranes.  Lung epithelial cells possessing mutant CFTR genes are incapable of expressing the functional CFTR proteins, which, in turn leads to pathogenic ion transport defects in lungs. Ensuring clinical success of cationic liposomes in non-viral gene therapy for treatment of lung-related inherited diseases will critically depend on the use of cationic lipids efficient in delivering genes of interest into lung cells. Towards this end, in Chapter 2, the first examples of enhanced intravenous gene expression in mouse lung using cyclic-head analogs of usually open-head cationic transfection lipids is described. The chemical structures of the novel cyclic-head cationic lipids (lipids 1-4) together with their previously reported open-head analogs (lipids 5-8) are shown in Figure 5. Transfection efficacies of the cyclic-head lipids (lipids 1-4, Figure 5) were found to be significantly more efficient  (by 5-11 fold) in transfecting mouse lung than their corresponding open-head analogs (lipids 5-8, Figure 5) upon intravenous administration. Among the cyclic-head lipids, lipid 3 with di-stearyl hydrophobic tail was found to be the most efficient one. The findings delineated in Chapter 2 demonstrates, for the first time, the potential of using conformationally strained cyclic-head analogs of usually open-head cationic lipids in enhancing intravenous mouse lung transfection.

Currently believed lipoplex mediated intracellular transfection pathways involve: (a) formation of lipid-DNA complexes (lipoplexes); (b) initial binding of the lipoplex to the cell surface; (c) endocytotic internalization of the lipid-DNA complexes; (d) trafficking in the endosome/lysosome compartment and escape of DNA/lipoplex from the endosome/lysosome compartment to the cytosol; (e) transport of the endosomally released DNA to the nucleus followed by its transgene expression (Figure 6). Under normal cellular conditions, endosomal contents are carried into lysosomes, where they are degraded by the various degradative enzymes present. For transgene expression to take place, DNA has to be released from the endosomal compartments to the cytosol before they can fuse with  lysosomes (Figure 6). Endosome pH-sensitive cationic lipids (e.g. with imidazole head-group) have been used to facilitate endosome disruption leading to efficient release of endosomally trapped lipid-DNA complex and subsequent enhanced transfection efficiency. We envisioned that if endosomal protonation of weakly basic head-groups (like imidazole moiety) indeed plays a major role behind the enhanced transfection efficacies of pH-sensitive cationic lipids, covalent grafting of an electron withdrawing substituent in the basic head-group should lead to compromised transfection










Figure 6.  Lipofection pathways.

efficacy. Towards testing this rationale, design, synthesis, physico-chemical characterizations and in vitro gene delivery efficiencies  (in HeLa, HepG2 and 293T7 cells) of a novel cholesterol based endosome pH-sensitive histidylated cationic amphiphile 1, its less pH sensitive counterpart 2 with an electron deficient tosylated histidine head-group as well as a third new cholesterol based cationic lipid 3 containing no histidine head-group are reported in Chapter 3 (Figure 7). In the cytoplasmic gene expression system (in 293T7 cells), the cytosolic delivery of DNA with the pH-sensitive histidylated lipid 1 was higher than that with lipid 2 bearing less pH-sensitive histidine head-group which is consistent with the involvement of  imidazole protonation of lipid 1 in the endosomal escape of DNA from acidic vesicles. However, with nuclear gene expression systems in HeLa  and  HepG2 cells, the transfection  efficacies of the less pH-



sensitive lipid 2 at lipid:DNA mole ratios of 3.6:1 were found to be either equal to or few fold less than those of lipids 1 & 3.  Surprisingly, at lipid:DNA mole ratio of 1.8:1, less pH-sensitive lipids 2 and 3 were remarkably more transfection efficient than lipid 1 in both HeLa and HepG2 cells. As delineated in Chapter 3, transfection efficacies of lipids 1-3 in both cytosol & nuclear expression systems and all their physico-chemical characteristics, taken together, clearly indicate that the relative transfection efficiencies of pH-sensitive cationic lipids cannot be explained only on the basis of the pH-sensitivity of each lipid or lipoplex.

	One of the key parameters dictating DNA transfection efficiency in liposomal gene delivery is the molecular structure of the cationic lipid.  Three major structural components of cationic transfection lipids (also known as cytofectins) include: a hydrophilic polar head-group region, a hydrophobic non-polar tail region consisting of either two long aliphatic hydrocarbon chains or a cholesterol unit and a small linker functionality connecting the hydrophoic tail and hydrophilic head-group.  Investigations aimed at probing the role of each of these three structural components in modulating gene

transfer efficacies of cytofectins  continue to be an intensely pursued area of research in non-viral gene delivery.  Towards this end, in Chapter 4, synthesis, physico-chemical characterizations and  in vitro transfection efficiencies (in CHO, COS-1 and HepG2 cells) of eight novel amino-acid head-groups containing cholesterol based cationic lipids (lipids 1-8, Figure 8) are described. While lipid 8 (with a β-alanine head-group) was found to be better or comparable to DC-Chol, one of the most extensively used cholesterol based  cationic transfection reagent, lipid 6 (with a lysine head-group) was slightly lower in its efficiency than DC-Chol. The findings demonstrate that the transfection efficiencies of cholesterol based cationic lipids can be modulated by the covalent grafting of different amino acids in their head-group region. 
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